In a time of controversy regarding the use of echocardiography for assessment of left ventricular (LV) dyssynchrony and prediction of response to cardiac resynchronization therapy (CRT), this meta-analysis aimed to evaluate the feasibility and reliability of LV dyssynchrony assessment by three-dimensional echocardiography (3DE), determine clinically useful reference values in healthy subjects and heart failure patients, and examine the accuracy of 3DE to predict response to CRT.
Introduction
Left ventricular (LV) dyssynchrony pertains to a lack of proper coordination in the intraventricular electrical activation and subsequent mechanical contraction of the LV. Its presence can significantly affect cardiac morphology and function, and may cause or worsen pre-existing heart failure. Cardiac resynchronization therapy (CRT) is an established therapy for patients with drug-refractory end-stage heart failure that specifically targets LV dyssynchrony and has been shown to improve LV function, survival, and quality of life. 1 -4 Unfortunately, 30-40% of patients fail to improve with CRT and several studies have suggested that mechanical dyssynchrony might be a better predictor of response to CRT than the current selection criterion of prolonged QRS. 5, 6 Consequently, echocardiography emerged as a promising technique for assessment of mechanical dyssynchrony and many single-centre studies indeed demonstrated encouraging results for prediction of response to CRT with both traditional and tissue Doppler-derived parameters of LV dyssynchrony. However, this initial enthusiasm was tempered by the results of the multicentre PROSPECT trial, which reported modest sensitivity and specificity of all studied two-dimensional dyssynchrony parameters and concluded that none should be recommended to improve patient selection for CRT beyond current guidelines. 7 Concurrently, the use of three-dimensional echocardiography (3DE) for dyssynchrony assessment gained increasing attention as a growing number of studies demonstrated its added value for prediction of response to CRT. The aim of this paper was to provide a critical appraisal of the current literature on the feasibility and reliability of LV dyssynchrony assessment by 3DE, provide clinically useful reference values in healthy subjects and heart failure patients, and examine its accuracy in predicting response to CRT through a meta-analysis.
Methods
We searched MEDLINE and EMBASE up to 1 July 2011 with the Medical Subject Heading and explosion search function, respectively. The key terms used for the literature search were 'three dimensional echocardiography,' 'dyssynchrony,' and relevant phrases. The search was limited to human studies published in English. Articles that included these two key terms were independently screened by two authors (S.K., M.F.) according to title and abstract for eligibility. Studies were considered eligible if they measured LV dyssynchrony using any 3DE-derived dyssynchrony parameter and reported data on one or more of the following items concerning the assessment of LV dyssynchrony by 3DE: feasibility, reliability, reference values in healthy subjects and heart failure patients, and accuracy to predict response to CRT. Only original full-text articles were included, whereas other literature such as abstracts, reviews, letters, comments, and surveys were excluded. References of eligible articles were reviewed through title and abstract for relevance and eligibility.
Two authors (S.K., M.F.) independently assessed the quality of the included articles. The most prevalent quality items of existing checklists were used for studies on reference values for LV dyssynchrony. 8 Six quality aspects were scored as adequate (1 point) or not adequate (0 point), namely: (i) are patients who participated in the study similar to eligible non-participants, in terms of age, gender, and important disease characteristics; (ii) is the study population clearly described in terms of age, gender, and important disease characteristics; (iii) is the percentage of subjects available for the analysis adequate? (,30% missing values); (iv) is a clear definition of the determinant provided; (v) is it clear how the determinant was measured; and (vi) were the measurement approach, time and place of measurement of the determinant standardized or conducted in a way that limits the systematic error? A total quality score, ranging from 1 to 6 points was calculated.
Studies with a quality score of ≥4 points were regarded as having adequate quality. For studies on accuracy to predict response to CRT, besides the 6 points used in reference values, 4 more points were used with a potential total score of 10 points: (vii) was the relationship under study adjusted for potential confounders in the analysis; (viii) are clear definitions of each confounder provided; (ix) is it clear how the confounders were measured; (x) were the measurement approach, time, and place of measurement of the confounder(s) standardized or conducted in a way that limits the systematic error? Studies with a quality score of ≥6 points were regarded as having adequate quality. 8 Finally, for reliability studies, the COSMIN checklist with a 4-point scale was used. 9 Each study was rated as having poor, fair, good, or excellent quality according to the COSMIN guidelines. 9 Studies rated as having fair or better quality were regarded as adequate for data pooling. Disagreement between the two reviewing authors was resolved by consensus. If consensus could not be reached, a third author (O.K.) was deferred to arbitration and consensus.
The following study characteristics were extracted from the articles: year of publication, number of subjects, hardware and software used, 3DE dyssynchrony parameter(s) evaluated, background disease and conditions, as well as percentage of males and mean age in the studied population. The following results were extracted from the studies: feasibility defined as percentage of subjects in a consecutively studied population with adequate image acquisition and LV dyssynchrony analysis by 3DE; Pearson's or intraclass correlation coefficients (ICC) and mean differences with standard deviations of LV dyssynchrony measurements within and between observers for intraobserver and interobserver reliability, respectively; mean values with standard deviations of LV dyssynchrony measurements for reference values in healthy subjects, heart failure patients, and patients eligible for CRT, respectively; and cutoff values for significant LV dyssynchrony by 3DE to predict response to CRT with numbers of true-positive, false-negative, true-negative and false-positive observations.
The systolic dyssynchrony index (SDI) for 16 segments, being the predominant 3DE dyssynchrony parameter, was used for data pooling in the meta-analysis. Studies providing SDI values in normal subjects were pooled to obtain normal reference values for physiological LV dyssynchrony. Studies providing values for patients clearly stated as either having heart failure and/or being eligible for CRT were used to obtain ranges of reference values for these specific populations. Prediction intervals for the pooled reference values are also given. 10, 11 Studies aimed at the diagnostic accuracy of SDI to predict response to CRT, when response is defined as a reduction of ≥15% in LV end-systolic volume at 6 -12-month follow-up, were pooled to calculate an average cutoff value with optimal sensitivity and specificity of SDI to predict response to CRT. Studies on interobserver and intraobserver reliability of LV dyssynchrony assessment by 3DE were pooled to obtain 95% limits of agreement (LoA) between measurements of SDI, and an average reliability coefficient by either pooling Pearson's correlation coefficients or ICCs using the variance stabilizing Fisher z-transformation yielding a more normal distribution. However, since it makes no sense to pool the biases of separate studies, the bias (d) is incorporated in the random fluctuation (sd diff ), effectively rendering a two-way mixed ANOVA model into a two-way random ANOVA model. It can be easily shown that the resulting standard error of measurement (SEM) of the two-way random ANOVA model 12 equals the square root of (d 14 Heterogeneity was quantified by the I 2 index. Metaregression with a random-intercept, fixed-slopes model by the method of restricted maximum likelihood, and exact P-values as implemented in Stata's metareg was performed to examine potential factors related to differences found in reference values as well as reproducibility of SDI. For reference values of SDI in healthy subjects and heart failure patients, the dependent variable was mean SDI value and independent variables were publication year, number of subjects in each study, hardware and software used, male gender, and patient age for both, in additional to aetiology of cardiomyopathy, QRS duration, ejection fraction (EF), and New York Heart Association (NYHA) functional class for reference values in heart failure patients specifically. For reliability, the dependent variable was the LoA between measurements and independent variables were publication year, number of subjects in each study, hardware and software used. Independence of predictors was evaluated by a variance inflation factor with a cutoff value for independence of ,5. 15 To obtain an overall sensitivity and specificity of LV dyssynchrony assessment by 3DE to predict response to CRT, a bivariate model with a random effects approach was used for diagnostic meta-analysis, which allows for heterogeneity beyond chance as a result of clinical and methodological differences between studies, and implemented in Stata's metandi. 16 A hierarchical summary receiver operating characteristic curve was generated to plot individual and summary points of sensitivity and specificity. 17 In addition, 95% confidence and precision regions were plotted to demonstrate the precision of estimation of the summary values and amount of between-study variation, respectively. Continuous values are presented as mean + standard deviation and discrete variables as numbers and percentages. Stata intercooled version 10.1 (StataCorp LP, College Station, Texas) was used for statistical analysis. A P value , 0.05 was considered statistically significant.
Results
The search strategy yielded 213 articles, of which 94 were selected based on title and abstract. After excluding 21 articles not related to 3DE-derived LV dyssynchrony, 73 articles were included with a total of 5173 subjects including 3341 patients and 1832 healthy subjects ( Figure 1 ). 18 -90 Table 1 lists the general characteristics of the included studies. The quality of studies was separately assessed for purposes of reliability, reference values for LV dyssynchrony, and accuracy to predict response to CRT. Of a total of 19 studies reporting on reliability, the quality was excellent in 7 studies 22, 25, 35, 37, 49, 64, 77 and fair in 12 studies, 33, 34, 39, 41, 43, 46, 51, 55, 57, 82, 85, 88 and thus no studies needed to be excluded due to poor quality. Reference values of SDI were reported in 44 studies, of which 1 study had a quality score of 4 out of 6 points, 55 Dyssynchrony by 3D echocardiography were included in the meta-analyses and quality scoring was not included in the meta-regression analyses. Data on feasibility of 3DE acquisition and analysis for LV dyssynchrony assessment was provided in 50 of 73 articles including 4167 subjects, demonstrating an overall estimated feasibility of 94% [95% confidence interval (CI): 92-95%]. 18,20 -22,24,26,27,29 -35,37 -39,41 -43,45,47,50 -59,61 -68,70,71,73 -79,81 -86,88,89 Study results of interobserver and intraobserver reliability of SDI are provided in Table 2 . In general, repeated measurements between and within observers demonstrated good interobserver and intraobserver reliability with excellent ICCs (0.92 and 0.95, respectively) and acceptable LoA (4.07 and 2.10%, respectively). Meta-regression analysis revealed no important factors affecting reliability of dyssynchrony assessment by 3DE, in particular no significant difference between different hardware and software ( Table 3) .
Reference values of SDI in healthy volunteers and patients eligible for CRT are provided in Figure 2A and B, respectively. Pooled estimates of SDI differed significantly between both groups (2.7 + 0.9 and 10.7 + 3.6%, respectively; P , 0.001). Pooling all reference values in heart failure patients regardless of the aetiology of cardiomyopathy, NYHA functional class, QRS duration, and EF demonstrated a mean estimated SDI value of 9.8 + 3.9%. Meta-regression analysis demonstrated that SDI values in heart failure patients were not significantly affected by aetiology, NYHA functional class, QRS duration, and EF (Table 3) . However, normal reference values of SDI in healthy subjects were significantly higher with the analysis by TomTec compared with Q-Lab [+1.80% (95% CI: 0.55-3.05%), P , 0.001], with a similar but non-significant trend found for SDI values between software in heart failure patients [+1.10% (95% CI: 21.04-3.24%),
Data on the diagnostic accuracy of SDI to predict response to CRT was available for seven studies. 39, 49, 52, 60, 62, 75, 82 With a weighted mean of 9.8% from the derived SDI cutoff values of these studies, the pooled estimates for sensitivity and specificity were 93% (95% CI: 89-97%) and 75% (95% CI: 58 -93%), respectively ( Figure 3 ).
Discussion
In a time of controversy regarding the use of echocardiography for assessment of LV dyssynchrony and prediction of response to CRT, this is the first meta-analysis providing an overview of current literature on the application of 3DE for these purposes.
Results showed that 3DE is a feasible and reliable tool for assessment of LV dyssynchrony and may provide accurate prediction of response to CRT. Adequate feasibility and reliability are prerequisites for any diagnostic assessment to be of clinical value. Summarizing the results of a multitude of studies including .4000 subjects, assessment of LV dyssynchrony by 3DE proved to be feasible in at least 9 out of 10 subjects. It is important to note that the studies included for analysis of feasibility were performed consecutively, reducing selection bias based on the presence of good image quality that would significantly limit the clinical relevance of the results. In addition, the reliability of LV dyssynchrony measurements by 3DE appears to be clinically acceptable, although caution is still warranted for several reasons. First, the number of studies assessing reliability and particularly the number of subjects used in most of these studies are quite low. Second, most studies only provide results of interobserver and intraobserver reliability obtained in a singlecentre setting. Although the assessment of LV dyssynchrony is primarily evaluated for its potential value in predicting response to CRT, which only requires assessment of LV dyssynchrony at baseline (i.e. intra-observer and inter-observer reliability), these results do not apply to follow-up assessment of LV dyssynchrony (i.e. test-retest reliability), nor do they rule out potentially larger variability found between different institutions. Consequently, the recent multicentre study by Kapetanakis et al. 82 deserves some attention. After an adequate training period, they found excellent inter-institutional agreement for assessment of SDI with 3DE in a relatively large population of CRT eligible patients. Similar research is needed to evaluate the test-retest reliability of SDI assessment with 3DE. Meta-regression analysis in the present study demonstrated that software did not significantly affect reliability of SDI measurements. However, reference values of SDI in healthy subjects were significantly different between software packages, with a similar but non-significant difference found in the more heterogeneous population of heart failure patients. Distinguishing normal from pathological dyssynchrony values and establishing a generally usable cutoff value for prediction of response to CRT may be hampered if measurements by different software are not comparable. Therefore, this finding underlines the importance of standardization among different vendors. A future study directly comparing different software for assessment of LV dyssynchrony and prediction of response to CRT will elucidate if their assessments are equivalent and if not, which software is superior for prediction of response to CRT. Accumulated data suggests that LV dyssynchrony assessment by 3DE may be useful in predicting response to CRT. This seems particularly true for determining which patients will benefit from CRT, due to a uniformly high sensitivity found in all studies. More inconsistency is found between studies regarding the specificity of SDI to predict unfavourable response. However, prediction of nonresponse is equally important since CRT is an expensive and invasive therapy. It is known that patients with ischaemic heart disease have a worse prognosis and that global scar burden as well as posterolateral scar negatively impact response to CRT. 91 -93 However, these factors are rarely reported in studies and therefore could not be included in this analysis. Similarly, the positive and negative predictive values of SDI to predict response to CRT, which are dependent on prevalence and generally not provided in studies, could not be examined. Finally, another concern is that a clear cutoff value of SDI to separate responders from non-responders The limits of agreement of interobserver reliability were used to analyze the effect of factors on reliability.
is currently lacking, varying from 6.4 to 11.4% between studies. Among other reasons, these issues are likely related to the small number of patients included in most studies and use of different software, but these potential confounders could not be tested due to the low number of studies. In the present study, a weighted mean of 9.8% was derived from the SDI cutoff values found in each study, which may provide the clinician with at least a general suggestion of the expected response to CRT. However, this value should still be interpreted with caution, since in the absence of published standard errors of the cutoff values, it's weighing could only be based on the size of the studied populations. Therefore, a prospective multicentre study in a large population of CRT eligible patients is warranted to clarify these issues and provide a more definite answer to the ability of SDI to predict response to CRT. Although many 3DE parameters for assessment of LV dyssynchrony have previously been studied, SDI is currently the most used and validated for prediction of response to CRT. However, the recent development of 3D speckle tracking echocardiography offers potentially more robust strain parameters for assessment of dyssynchrony based on the analysis of true segmental myocardial deformation instead of endocardial motion. The advantage of 3D speckle tracking technology is that it can provide a quantitative assessment of global and regional LV mechanics, including the amount and timing of segmental contraction, in one fast and highly automated analysis. In addition, the importance of LV-lead position and the attenuating effects of scar on global and regional LV dysfunction can be appreciated with 3D speckle tracking. 67, 72, 94 Further studies will have to show the potential superiority of 3D speckle tracking over other echocardiographic techniques for assessment of LV dyssynchrony regarding both diagnostic accuracy and reliability. In addition, further improvements in temporal resolution, image quality, and the possibility of wider angle acquisition are essential for adequate visualization and dyssynchrony assessment of the entire LV, especially when it concerns severely dilated hearts often present in patients with heart failure.
Conclusion
3DE is a feasible and reliable tool for assessment of LV dyssynchrony and may have additional value to current selection criteria for accurate prediction of response to CRT. These data support a prospective multicentre randomized controlled trial to evaluate the usefulness of LV dyssynchrony assessment using 3DE in selecting patients for this therapy.
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